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Abstract 

The  precipitation  of  Pb-0.08%  Ca-1.5%  Sn  alloys  with  0.04%  Ag  or  0.03%  Bi  additions  was  studied  by  resistivity  measurements  and  transmission 
electron  microscopy  (TEM).  The  addition  of  Ag  or  Bi  to  the  Pb-Ca-Sn  ternary  alloys  suppresses  discontinuous  precipitation  and  accelerates  the 
formation  of  continuous  precipitates  with  high  coherency  strain.  Ag  addition  has  a  greater  effect  on  hardening  than  Bi  addition.  TEM-energy 
dispersive  spectroscopy  (EDS )  analysis  confirmed  that  the  continuous  precipitates  formed  in  Ag-supplemented  alloys  contain  Ag  in  addition  to 
Ca,  Sn  and  Pb  elements. 
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1.  Introduction 

The  precipitation  of  Pb3Sn  from  a  supersaturated  a-solid 
solution  in  Pb-Ca  binary  alloys  is  known  to  cause  significant  age 
hardening  [1-3].  This  hardening  occurs  by  discontinuous  pre¬ 
cipitation  [4-8] .  Commercial  Pb-Ca  alloys  for  maintenance-free 
storage  batteries  contain  Sn  [9],  The  effect  of  Sn  addition  on  pre¬ 
cipitation  in  Pb-Ca  binary  alloys  has  also  been  studied  [10-12]. 
Borchers  and  Assmann  [10]  found  by  metallographic  and  hard¬ 
ness  measurements  that  the  addition  of  Sn  retarded  discontin¬ 
uous  precipitation  and  that  continuous  precipitation  occurred 
preferentially  when  Sn  additions  exceeded  the  atom  quantity  of 
Ca  by  three-fold.  Tsubakino  et  al.  [11]  reported  by  electrical 
resistivity  and  transmission  electron  microscopy  (TEM)  that  Sn 
addition  retarded  discontinuous  precipitation  and  that  continu¬ 
ous  precipitation  occurred  preferentially  for  higher  Sn  contents, 
with  the  amount  of  Sn  necessary  for  retardation  higher  for  higher 
Ca  contents.  Precipitates  in  the  Pb-Ca-Sn  ternary  alloy  have  an 
LL-type  (Cu3Au)  ordered  structure,  Pb3Ca  [12],  Sn3Ca  [10]  or 
(Pb,Sn)3Ca  [7,13], 

To  improve  the  corrosion  resistance  and  creep  strength 
of  maintenance-free  electrodes,  Ag  and/or  Bi  are  added  to 
the  Pb-Ca-Sn  ternary  alloy,  with  Ag  addition  effectively  act¬ 
ing  to  increase  the  electrochemical  and  mechanical  proper¬ 
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ties  [7,14-16].  However,  there  is  no  detailed  information  on 
microstructural  studies  of  aged  Pb-Ca-Sn-Ag  (or  Bi)  alloys. 

In  the  present  study,  the  precipitation  process  during  aging 
was  studied  by  means  of  electrical  resistance  measurements  and 
TEM  observations  to  clarify  the  effect  of  Ag  (or  Bi)  additions 
on  precipitation  in  Pb-Ca-Sn  ternary  alloys. 

2.  Experimental  procedure 

The  alloys  used  in  this  study  were  prepared  from  Pb  (99.99%), 
Pb-2.7%  Ca  mother  alloy,  Sn  (99.99%),  Ag  (99.99%)  and  Bi 
(99.99%).  They  were  melted  together  and  cast  into  an  iron  mold. 
The  chemical  compositions  of  the  alloys  are  shown  in  Table  1 
[the  nominal  mass  %  used  was;  Pb,  0.06-0.1;  Ca,  1. 0-2.0;  Sn, 
0.04  Ag  (or  0.03  Bi)].  The  ingots  were  homogenized  at  573  K 
for  396  ks.  The  specimens  for  metallographic  and  hardness  mea¬ 
surements  were  plates  of  approximately  10  x  5  x  3  mm3  and 
the  specimens  for  electrical  resistivity  were  wires  of  1.8  mm  in 
diameter  and  approximately  65  mm  in  length. 

Specimens  were  solution-annealed  at  573  K  for  3.6  ks, 
quenched  in  iced  water  and  then  aged  isothermally  at  333  K. 
Hardness  was  measured  with  a  micro- Vickers  hardness  tester, 
applying  0.245  N.  The  resistance  of  the  specimens  during  aging 
was  measured  using  a  four-probe  potentiometric  technique.  The 
specimens  were  held  in  liquid  nitrogen  during  measurements. 
The  foils  for  TEM  observations  were  prepared  by  twin-jet 
electro-polishing  using  60%  HC104-40%  H30  solution  and  sub¬ 
sequent  milling  using  argon-ion  plasma  [13].  The  foils  were 
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Table  1 

Chemical  composition  of  alloys  (mass%) 


Alloy 

Ca 

Sn 

Ag 

Bi 

I  Pb-0.06Ca-1.0Sn 

0.057 

0.997 

Pb-0.06Ca-l.6Sn 

0.06 

1.7 

Pb-0.06Ca-2.0Sn 

0.057 

2.079 

Pb-0.08Ca-1.0Sn 

0.085 

1.036 

Pb-0.08Ca-l.6Sn 

0.083 

1.727 

<0.001 

<0.005 

Pb-0.08Ca-2.0Sn 

0.083 

2.098 

Pb-0.1 0Ca-l  .OSn 

0.099 

1.007 

Pb-0.1  Ca-1.6Sn 

0.106 

1.723 

Pb-0.1  Ca-2.0Sn 

0.113 

2.092 

II  Pb-0.08Ca-l.5Sn 

0.076 

1.5 

Pb-0.08Ca-l  ,5Sn-0.04Ag 

0.079 

1.5 

0.039 

Pb-0.08Ca-l.5Sn-0.03Bi 

0.082 

1.5 

0.029 

examined  in  a  JEM  2010  electron  microscope  with  an  energy- 
dispersive  X-ray  spectroscopic  (EDS)  analysis  system,  operated 
at  200  kV. 

3.  Results  and  discussion 

3.1.  Resistivity 

Typical  resistivity  curves  with  aging  time  for  the  ternary 
alloys  are  shown  in  Figs.  1  and  2.  In  these  figures,  the  varia¬ 
tions  in  relative  resistivity,  p/po,  are  plotted  against  aging  time, 
where  p  and  po  are  the  resistivity  at  aging  time  t  and  of  as- 
quenched  specimens,  respectively.  The  resistivity  decreases  in 
a  single  stage,  which  is  similar  to  that  for  alloys  with  Ca  con¬ 
tent  lower  than  0.04%  [11].  These  resistivity  changes  are  very 
similar,  even  for  various  Ca  and  Sn  contents  within  this  study. 
Therefore,  the  precipitation  behavior  in  these  ternary  alloys  is 
almost  the  same,  irrespective  of  different  Ca  and  Sn  contents. 
The  decrease  in  the  resistivity  curves  is  attributed  to  the  forma¬ 
tion  of  continuous  precipitates;  a  similar  precipitation  mode  in 
ternary  alloys  was  reported  by  Bouirden  et  al.  [7]  using  hardness 
measurements  and  by  Muras  et  al.  [12]  from  TEM  observations. 

Typical  resistivity  changes  in  alloys  with  added  Ag  or  Bi  are 
shown  in  Fig.  3.  Bi  addition  to  the  ternary  alloy  did  not  affect  the 
resistivity  change  of  the  ternary  alloy,  but  Ag  addition  led  to  a 
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Fig.  2.  Typical  resistivity  curves  during  aging  at  333  K  in  Pb-0.08%  Ca  alloys 
with  various  Sn  contents. 
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faster  decrease  in  resistivity  and  a  greater  total  resistivity  change. 
These  results  mean  that  Ag  addition  increases  the  precipitation 
rate  and  the  degree  of  super-saturation  of  solute  elements  in  the 
matrix,  but  Bi  addition  does  not. 

3.2.  Microstructure  and  hardness 

Typical  optical  micrographs  are  shown  in  Fig.  4.  Microstruc- 
tural  changes  accompanying  the  aging  of  Pb-Ca-Sn  ternary 
alloys  (Fig.  4a)  are  essentially  similar  to  those  in  our  previous 
study  [11],  i.e.,  very  narrow,  discontinuous  precipitation  cells 
at  grain  boundaries  were  observed,  even  after  prolonged  aging 
at  333  K.  Therefore,  this  study  has  confirmed  that  the  retard¬ 
ing  phenomena  of  discontinuous  precipitation  are  caused  by  the 
addition  of  Sn  to  Pb-Ca  binary  alloys  (Fig.  4a).  Additions  of 
Ag  and  Bi  cause  much  greater  retarding  effects  on  cell  advance, 
resulting  in  smooth  grain  boundaries  (Fig.  4b  and  c).  There¬ 
fore,  additions  of  Ag  and  Bi  introduce  a  larger  grain  size  than 
that  in  the  Pb-Ca-Sn  ternary  alloys,  although  the  alloy  with 
added  Bi  shows  a  slightly  smaller  grain  size  compared  to  the 


Fig.  1.  Typical  resistivity  curves  during  aging  at  333  K  in  Pb-1.6%  Sn  alloys  Fig.  3.  Typical  resistivity  curves  during  aging  at  333  K  in  Pb-0.08%  Ca-1.5% 
with  various  Ca  contents.  Sn,  and  0.04%  Ag  or  0.03%  Bi  alloys. 
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Fig.  4.  Typical  microstructures  in  (a)  Pb-0.08%  Ca— 1.5%  Sn,  (b)  Pb-0.08% 
Ca-1.5%  Sn-0.04%  Ag  and  (c)  Pb-0.08%  Ca-1.5%  Sn-0.03%  Bi  alloys  aged 
at  333  K  for  86.4  ks. 


Ag-supplemented  alloy.  These  additives  lead  to  an  improvement 
in  the  corrosion  resistance  of  Pb-Ca-Sn  alloys,  because  corro¬ 
sion  generally  occurs  at  grain  boundaries  and  much  improved 
corrosion  resistance  is  expected  with  increasing  grain  size  [17]. 


Fig.  5.  Age  hardening  curves  at  333  K  in  Pb-0.08%  Ca-1.5%  Sn  alloys  con¬ 
taining  0.04%  Ag  or  0.03%  Bi. 


We  conclude  again  that  precipitation  in  the  alloys  used  in  this 
study  occurred  mainly  via  a  continuous  mode. 

Typical  age-hardening  curves  measured  in  grain  interiors  are 
shown  in  Fig.  5.  Bi  and  Ag  additions  led  to  a  slight  increase 
in  the  as-quenched  hardness,  presumably  due  to  solid  solution 
hardening.  The  hardness  curve  for  the  alloy  with  added  Bi  does 
not  differ  much  from  that  for  the  ternary  alloy,  but  the  Ag- 
supplemented  alloy  shows  a  much  higher  value  for  maximum 
hardness.  These  hardness  curves  correspond  well  with  the  resis¬ 
tivity  curves  shown  in  Fig.  3.  The  present  results  suggest  that  Ag 
addition  will  induce  a  higher  coherent  strain  around  continuous 
precipitates  with  higher  density.  A  similar  increase  in  mechani¬ 
cal  properties  on  the  addition  of  Ag  was  reported  by  Prengaman 
[14],  although  the  increase  was  small  because  the  author  used 
a  Pb-0.04  Ca-1.1  Sn  alloy  with  0.02-0.05%  Ag  and  the  aging 
was  carried  out  at  room  temperature. 


3.3.  Precipitation  kinetics 


The  time  dependence  of  the  fraction  (/)  of  precipitation  at 
constant  temperature  is  expressed  by  the  Johnson-Mehl  [18] 
equation: 

/=l-exp(— btn)  (1) 


where  t  is  aging  time,  and  b  and  n  are  constants. 

From  resistivity  measurements,  the  fraction/of  precipitation 
is  taken  to  be: 


(Po  ~  p) 
(Po  -  Pf) 


(2) 


where  pf  is  the  final  value  of  p. 

The  relationship  between  log  log{  1/(1  — /)}  and  log  t  is 
shown  in  Fig.  6.  From  the  slope,  the  value  of  n  was  obtained. 
The  n  values  for  ternary  and  Bi-supplemented  alloys  are  almost 
the  same,  but  the  /(-value  for  the  alloy  with  added  Ag  tended 
to  decrease,  although  the  value  is  close  to  that  for  the  ternary 
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Fig.  6.  Plots  of  loglog{l/(l  —  /)}  vs.  aging  time. 


alloys,  in  the  range  0.8-1. 1.  According  to  Christian  [19],  n  =  2/3 
implies  precipitation  on  dislocations,  n  =  1  indicates  the  forma¬ 
tion  of  cylinder-shaped  precipitates  and  n=  1.5  means  spherical 
precipitates  in  a  homogeneous  reaction. 

3.4.  Continuous  precipitates 


Fig.  8.  TEM-EDS  spectra  of  (a)  matrix  and  (b)  continuous  precipitates  in 
Pb-0.08%,  Ca-1.5%,  Sn-0.04%,  Ag  aged  at  333  K  for  3  Ms. 


A  TEM  micrograph  of  the  alloy  with  added  Ag  aged  at  343  K 
for  4  Ms  is  shown  in  Fig.  7.  Many  continuous  precipitates  with 
a  butterfly-type  strain  field  contrast  can  be  clearly  observed 
in  Fig.  7a.  Borchers  and  Assmann,  using  an  extraction  tech¬ 
nique  [10],  reported  plate-like  continuous  precipitates  of  S^Ca 
aligned  in  the  [100]  direction  in  a  Pb  -  0.06%,  Ca  -  0.7%,  Sn 
alloy  aged  at  423  K  for  2.2  Ms.  However,  the  strain  contrasts 
observed  in  this  study  indicate  the  formation  of  spherical  precip¬ 
itates,  i.e.,  coherent  elastic  strain  around  the  interfaces  of  small 
spherical  precipitates  was  observed  [20].  The  precipitate  size  is 
small  as  approximately  lOnm  in  diameter.  Comparison  of  the 
TEM  micrograph  for  the  alloy  with  added  Bi  (Fig.  7b)  with  that 
for  added  Ag  shows  much  finer  and  higher  density  continuous 
precipitates. 


TEM-EDS  analysis  was  performed  to  estimate  the  compo¬ 
sition  of  the  continuous  precipitates.  The  diameter  of  the  con¬ 
centrated  incident  electron  beam  on  the  foil  surface  for  analysis 
was  smaller  than  the  precipitates  in  this  study,  but  the  X-ray 
spectrum  could  be  expected  to  originate  from  both  the  precip¬ 
itates  and  the  matrix.  Therefore,  analysis  was  performed  as  far 
as  possible  on  large  precipitates.  Typical  TEM-EDS  spectra  for 
such  precipitates  and  the  matrix  are  shown  in  Fig.  8.  The  contin¬ 
uous  precipitates  formed  in  the  Pb-Ca-Sn  ternary  alloys  were 
Ll2-type  ordered  Pb3Ca  [12]  or  (Pb,Sn)3Ca  [7,13].  The  pre¬ 
cipitates  undoubtedly  consist  of  Ag,  in  addition  to  Ca,  Sn  and 
Pb  elements,  in  the  alloy  with  added  Ag,  although  the  actual 
composition  of  precipitates  was  not  obtained  because  of  matrix 
effects  in  the  spectra.  The  precipitates  formed  in  the  Pb-Ca-Sn 


Fig.  7.  Typical  TEM  image  showing  continuous  precipitates,  (a)  Pb-0.08%,  Ca-1.5%,  Sn-0.04%,  Ag  alloy  aged  at  333  K  for  4  Ms;  and  (b)  Pb-0.08%,  Ca-1.5%, 
Sn-0.03%,  Bi  alloy  aged  at  333  K  for  3  Ms. 
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alloy  with  added  Ag  are  probably  (Pb,Sn)3Ca  containing  Ag. 
Moreover,  the  precipitation  rate  was  much  faster  for  the  Ag- 
supplemented  alloy  than  for  the  ternary  alloy,  as  shown  in  Fig.  3. 
Thus,  Ag  atoms  act  as  nuclei  for  the  formation  of  continuous 
precipitates,  resulting  in  the  acceleration  of  continuous  precip¬ 
itation  nucleation,  but  Bi  does  not.  Furthermore,  an  increase  in 
the  number  of  continuous  precipitates  with  high  coherency  was 
observed  in  TEM  micrographs,  which  led  to  greater  hardening, 
as  shown  in  Fig.  5.  Thus,  the  addition  of  Ag  can  suppress  discon¬ 
tinuous  precipitation  because  of  the  acceleration  of  continuous 
precipitation.  Prengaman  [14]  reported  that  Ag  segregated  at 
grain  boundaries.  Such  Ag  segregation  would  act  to  suppress 
cell  advance  in  discontinuous  precipitation  in  addition  to  the 
occurrence  of  continuous  precipitation;  however,  Ag  segrega¬ 
tion  at  grain  boundaries  cannot  be  confirmed  in  this  study. 

The  acceleration  effects  due  to  continuous  precipitation  on 
the  addition  of  Ag  to  ternary  Pb-Ca-Sn  alloys  is  an  important 
factor  that  may  improve  the  creep  strength. 

4.  Summary 

(1)  Precipitation  in  the  alloys  in  this  study  occurred  by  a  few 
discontinuous  precipitation  cells  and  preferentially  by  con¬ 
tinuous  precipitation.  The  sequence  and  precipitation  rate  in 
Pb-Ca-Sn  ternary  alloys  were  almost  the  same,  irrespective 
of  different  Ca  and  Sn  contents. 

(2)  Addition  of  Ag  to  Pb-Ca-Sn  ternary  alloys  retarded  discon¬ 
tinuous  precipitation  and  accelerated  continuous  precipita¬ 
tion,  resulting  in  remarkable  hardening,  but  Bi  did  not. 

(3)  In  the  alloy  with  added  Ag,  continuous  precipitation 
occurred,  with  fine  precipitates  of  high  density  and  high 
coherent  strain.  Elemental  Ag,  in  addition  to  Ca,  Sn  and  Pb 
elements,  was  present  in  the  continuous  precipitates  formed 
in  the  Ag-supplemented  alloy.  Thus,  added  Ag  formed 
nuclei  for  continuous  precipitates,  resulting  in  an  increase 
in  density  of  the  precipitates  and  in  age  hardening. 
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